We propose a practical perfect absorber comprising three dielectric layers for prism coupling with monolayer graphene embedded in the middle layer. Since the loss rate can be controlled by the graphene position within the middle layer, the limitation on the material index choice is greatly relieved, overcoming the problem of the previously studied similar structure. It is shown that F2 glass-silica-quartz structure enables perfect absorption if the silica layer thickness and the graphene position are properly chosen. The proposed structure can adopt a thin layer of any absorbing material for perfect absorption owing to the adaptive loss rate feature.
Introduction
Graphene has attracted strong interests in developing high-speed photodetectors due to its high carrier mobility and uniform light absorption over broadband frequency range from visible to THz [1] - [6] . However, a small absorption (∼2.3%) of graphene should be enhanced for practical photodetector applications. Many schemes have been proposed to enhance the light absorption in graphene and some of them even enable perfect absorption in monolayer graphene [7] - [15] . Those perfect absorption schemes can be classified into two categories: one is using a resonant structure such as grating or photonic crystal [7] - [12] , and the other is using total internal reflection (TIR) [13] - [15] . The latter appears quite attractive because of its simple structure and easy fabrication. However, the TIR-based schemes lack practicality requiring material systems of specific indices that are difficult to find in nature. For example, the simplest perfect absorbers in which the graphene layer is sandwiched between a prism of higher index and a substrate of lower index can have perfect absorption if the critical angle is close to grazing incident angle (∼90 degree) [13] - [15] . This implies that the index difference between the prism and the substrate should be extremely small for perfect absorption, which is almost impossible to implement with naturally available materials. Pirruccio et al. proposed a modified structure in which a gap layer of an intermediate index value was embedded and graphene was located at the interface between the gap layer and the substrate, and demonstrated broadband enhanced absorption with practically available materials by using five or ten layers of graphene [16] . If a monolayer graphene is used, however, this structure still has the Fig. 1 . Schematic of the proposed perfect graphene absorber consisting of multilayer structures based on prism coupling, assuming that n Prism = 1.5938, n Gap = 1.4657. The red thin layer indicates graphene layer as an absorbing medium, which is located on d A from Gap/Sub interface.
limitation on material choice just as in the prism-graphene-substructure structure, which was not fully investigated nor explicitly stated in [16] .
In this work, we propose a new practical perfect absorber structure in which an arbitrarily chosen three-layer material system can be used even for monolayer graphene as long as the indices of the layers decrease in the propagation direction. In the proposed structure illustrated in Fig. 1 , monolayer graphene is embedded in the middle of the gap layer. Except the location of graphene, it is quite similar to the structure proposed in [16] , which actually corresponds to the case of d A = 0. Although our structure seems like a slight modification of the previous one in appearance, the performance is improved enormously, enabling practical perfect absorption in monolayer graphene with naturally available materials. In order to demonstrate the excellent performance improvement achieved by changing the location of the monolayer graphene in our structure, first, we theoretically investigated the required substrate index for perfect absorption in the previous structure (d A = 0) with monolayer graphene, which revealed that the index of the substrate should be close to that of the gap layer. Then, the performance of the proposed perfect absorber was investigated with the rigorous coupled wave analysis (RCWA) [17] and analyzed with the coupled mode theory (CMT) [7] , and it was shown that perfect absorption could be achieved by choosing the location of monolayer graphene properly for any given material system allowing TIR at each interface. Another excellent feature of the proposed structure is that its absorption is very insensitive to the index of the substrate: very high absorption (A > 99%) is obtained over a wide range of the substrate index when a proper gap thickness and a graphene position are chosen.
Results
The proposed structure can be considered as a one-port resonant system for a certain range of incidence angle if n Prism > n Gap > n Sub : when sin −1 (n Sub /n Prism ) < θ 1 < sin −1 (n Gap /n Prism ), TIR occurs at the gap-substrate interface while partial reflection occurs at the prism-gap interface. So, if multiple reflected waves interfere destructively at the prism-gap interface and thus, total reflection becomes zero, perfect absorption is achieved. This requires that the phase retardance and the loss experienced by the wave during the travel in the gap layer should be chosen properly. It is obvious that the phase retardance can be controlled by the thickness of the gap layer and the incidence angle. The loss can be controlled by the location of monolayer graphene, which is the key nature of the proposed structure and will be shown later. However, if monolayer graphene is located at the gap-substrate interface, the reflection coefficient at the interface is affected by graphene, which will severely restrict the choice of the substrate index for perfect absorption.
Before discussing the performance of the proposed structure, we investigated the limitation on material choice of the previously proposed d A = 0 case. Fig. 2(a) shows the calculated absorption as a function of n Sub and θ(= θ 1 ) in the case of d A = 0 and d Gap = 5.55 μm at λ = 1.55 μm. The refractive indices of prism (F2 glass) and gap (silica) layers were assumed to be n Prism = n 1 = 1.5938 and (1) is also plotted together (see the red dashed curves). The black and white solid curves correspond to θ = sin −1 (n Sub /n Prism ) and θ = sin −1 (n Gap /n Prism ) respectively. (b) Spatial distribution of the normalized total electric field intensity at the perfect absorption condition (n Sub = 1.4608, θ = 66.5735deg).
n Gap = n 2 = 1.4657, respectively [16] . Monolayer graphene was assumed to be 0.34 nm thick and its conductivity σ was extracted from the Kubo formula for Fermi-level of 0 eV (undoped) [18] , [19] . We considered transverse electric (TE, or s-polarized) wave illumination from prism, whose electric field is perpendicular to the incidence plane. These material parameters and the polarization of light were kept the same in all the rest of our calculation. All calculations in this work were conducted using the commercial RCWA tool ('DiffractMOD'). The substrate index n Sub (= n 3 ) lower than the gap layer index n Gap was considered to allow TIR at the gap-substrate interface. The black open circle in Fig. 2 (a) indicate perfect absorption condition (A max = 100% at n Sub = 1.4608, θ = 66.5735 deg). The optimal value of n Sub for perfect absorption is very close to n Gap , and the absorption peak is rather sensitive to n Sub . This implies that the case of d A = 0 with monolayer graphene requires a quite small index difference between the gap layer and the substrate for perfect or sufficiently high absorption (for example, A max > 99%), which will limit the practicality of the structure because dielectric materials of an arbitrarily small index difference is difficult to find in nature.
For the deeper understanding of the origin of this limitation, we have derived a formula of the optimal substrate index for perfect absorption in terms of the other structural parameters defined in Fig. 1 using the transfer matrix method (TMM) [20] , [21] , which is given by
where n 1 = n Prism , n 2 = n Gap , θ = θ 1 , and c is the speed of light. In derivation of (1), monolayer graphene located at the gap-substrate interface was treated as a conducting sheet of a conductivity σ for convenience. (The derivation is described in detail in Appendix.) One thing to note in (1) is that the optimal substrate index is not directly related with d Gap . This is because (1) is derived from only the amplitude condition of R = 0 (|ρ 12 | = |ρ 23 |, see Appendix for more detail.). From the phase condition of R = 0, the resonant incidence angle (θ) for the absorption peak is determined for a given d Gap . So, (1) is also an implicit function of d Gap because of the θ − d Gap correspondence. Since σ/ε o c << 1 considering the conductivity of monolayer graphene at λ = 1.55 μm, (1) shows that the optimal substrate index should be very close to n Gap (= n 2 ) regardless of the thickness and refractive index of the gap layer. If σ is increased by any means (for example, employing multilayer graphene as in [16] ), the required index difference between the gap layer and the substrate for perfect absorption can be increased. We also plotted (1) as a red dashed curve in Fig. 2 (a), which shows a trajectory of the optimal substrate index for varying d Gap (or θ). One can see that the perfect absorption point calculated from the RCWA lies on the curve. Note that the RCWA calculation was performed for a fixed gap thickness (d Gap = 5.55 μm). The excellent agreement validates our consideration of monolayer graphene as a conducting sheet in the theoretical model. show the total electric field intensity (|E | 2 ) profile at the perfect absorption condition. Most of the electric field is strongly confined in the gap layer due to the strong resonance, which results in perfect absorption in the ultrathin graphene layers placed below the gap layer. As will be discussed later, one thing to note is that the position of graphene layer does not necessarily coincide with the field maximum for perfect absorption because the balance between a loss rate and a leakage rate is a critical condition.
For a practical perfect absorber, we should be able to find optimal geometric parameters such as d Gap , d A , and θ enabling perfect absorption for given naturally available materials. We selected quartz of n Sub = 1.4440 as a practical substrate material and investigated absorption performance of our proposed structure as a function of d Gap and θ with the location of monolayer graphene fixed to the middle of the gap layer (d A = 0.5d Gap ). For comparison, the case of d A = 0 was also investigated. The results are shown in Fig. 3(a) and (b) . For the case of d A = 0 [ Fig. 3(a) ], the maximum achievable absorption is just A peak ∼ 62% when d Gap = 5.55 μm and θ = 66.442 deg (indicated by the black open circle in Fig. 3(a) ). Whereas, the proposed structure of d A = 0.5d Gap shows perfect absorption A max = 100% when d Gap = 5.55 μm and θ = 66.442 deg (indicated by the black open circle in Fig. 3(b) ). Interestingly, the optimal values of d Gap and θ and the loci of absorption peaks for both cases of d A = 0 and d A = 0.5d Gap are identical. This implies that the resonance condition is independent of the graphene position. Roughly speaking, the resonance condition enabling the absorption peak is determined by the multilayer structure without graphene.
Although not shown here, we confirmed that the reflection coefficients (r ) become approximately −1 if the graphene layer is removed at the absorption peak loci. So, we can surmise that the position of graphene affects absorption strength (or rate) of the structure rather than the resonance condition. Fig. 3(c) shows the total electric field intensity profile in the structure without a graphene layer at the perfect absorption condition. |E | = 0 occurs at the prism-gap interface due to r = −1, and a standing wave pattern appears in the prism region. The electric field is confined strongly in the gap layer because of resonance. From the field distribution, it is obvious that the graphene layer located in the middle of the gap layer (d A = 0.5d Gap ) experiences much stronger electric field and thus, higher loss compared to the case of d A = 0.
In Fig. 3(b) , there is another perfect absorption condition with d Gap = 18.72 μm and θ = 66.442 deg indicated by the white open circle. The incident angle is the same as the one for d Gap = 5.55 μm. The difference between two gap thicknesses (d Gap ) for perfect absorption conditions corresponds to λ/n 2 / cos(θ 2 ). From these, the enhanced absorption appears due to the resonance of multiple circulation of electromagnetic field inside the cavity (gap), which results in multiple passage of electromagnetic wave through the graphene layer. Fig. 3(d) shows the corresponding field intensity distribution, which confirms that the perfect absorption is attributed to the 3 rd -order resonance. The location of graphene is close to but does not coincide with the field maximum position. It is obvious that for d A = 0.5d Gap , absorption enhancement due to the resonances of even order numbers is much weaker because graphene is located at the position of the field minimum.
As aforementioned, the critical condition for perfect absorption is not the coincidence between graphene and the field maximum coincidence, but the balance between a loss rate and a leakage (or coupling) rate. According to CMT, absorption in a lossy one-port system is given by [7] A (ω) = 4γ leak γ loss
where ω o , γ leak , and γ loss are a resonance frequency, a leakage rate, and a loss rate, respectively. Perfect absorption occurs when ω = ω o and γ loss = γ leak , which is generally called 'critical coupling condition'. We can find various perfect absorption conditions for different wavelengths by tuning the position of graphene, thickness of the gap, and incident angle. Fig. 3(f) shows the same calculation as Fig. 3(b) at a different wavelength of λ = 2 μm. The perfect absorption condition occurs at d Gap = 7.36 μm,d A = 0.5d Gap = 3.68 μm,θ = 66.972 deg. Considering material dispersion, different refractive indices of n 1 = 1.5870, n 2 = 1.4652, and n 3 = 1.4381 were used for the same materials (F2 glass, silica, and quartz).
To investigate the performance sensitivity to the substrate index of our proposed structure, absorption performances were calculated as a function of n Sub and θ for three graphene positions (d A = 0, 0.5d Gap , and d Gap ) with d Gap = 5.55 μm at λ = 1.55 μm, which are shown in Fig. 4(a)-(c) . Note that Fig. 2(a) corresponds to close-up view of Fig. 4(a) . Absorption for d A = 0 decreases rapidly as n Sub decreases. However, for d A = 0.5d Gap , A max > 99% is achieved for 1.00 < n Sub < 1.46. This means that a proper choice of the gap layer thickness and the graphene position offers excellent absorption performance which is almost insensitive to a substrate index. This is because the role of the gap-substrate interface in the proposed structure is simply to bring about TIR resulting in a oneport resonant system. For d A = d Gap , absorption dip instead appears at the resonance condition, which stems from |E | = 0 at the prism-gap interface, as shown in Fig. 3(c) .
The high absorption of the proposed structure over a wide range of the substrate index can also be explained in terms of the CMT model. According to (2), the closer two decay rates, the higher absorption occurs at ω = ω o . For the cases of d A = 0 and 0.5d Gap , the decay rates (γ leak and γ loss ) in the CMT model of the lossy one-port resonant system were found by conducting spectra fitting along the locus of the resonance condition for 1.00 < n Sub < 1.46, which were plotted in Fig. 4(d) . Over the whole n Sub ranges, the leakage rate is constant (γ leak = 14 THz) and identical for both cases, while the loss rates behave quite differently. For the case of d A = 0, the critical coupling (γ loss = γ leak = 14 THz) for perfect absorption occurs at n Sub = 1.4608 and the loss rate rapidly decreases to 0. On the contrary, for the case of d A = 0.5d Gap , the critical coupling occurs at n Sub = 1.4440. Although the loss rate decreases for a smaller n Sub , it remains rather high (γ loss = ∼12 THz) down to n Sub = 1.00, which results in high absorption (> 99%) over a wide range of n Sub , unlike
In order to demonstrate the controllability of the loss rate with the graphene position in the proposed structure, we considered absorber structures of three different gap layer thicknesses (d Gap = 3 μm, 5.55 μm, and 15 μm) and investigated absorption as a function of a relative position of monolayer graphene (d A /d Gap ) and an incidence angle θ, which are plotted in Fig. 5(a)-(c) . The substrate index of n Sub = 1.4440 was assumed. show that there are two optimal graphene positions for perfect absorption. In each case, the optimal incident angles for two optimal graphene positions are almost the same, which stems from the fact that the resonance feature of the multilayer structure is hardly affected by the monolayer graphene as aforementioned. The optimal position of monolayer graphene in each case can also be found from the critical coupling condition (γ loss = γ leak ) in the CMT model. For each structure, the leakage rate and the loss rate were extracted by fitting the absorption spectrum calculated with the CMT model (2) to the one calculated with RCWA along the locus of absorption peak condition. In this process, it was assumed that γ leak was almost independent of the graphene position. The extracted rates are plotted in Fig. 5(d) . In each case, the graphene positions satisfying the critical coupling condition agree well to those for perfect absorption in the RCWA calculation. It is worth noting that the loss rate can be close to zero for d A = d Gap , and hence, perfect absorption is achievable for any absorbing materials if γ leak is small enough. Whereas, the maximum achievable loss rate is limited for a given absorbing material. So, if the leakage rate is too large, it may not be possible to obtain perfect absorption by changing the position of the absorbing material layer. The leakage rate of the proposed structure is mainly controlled by the gap layer thickness for a given material system. The leakage rate increases as the gap layer thickness decreases. Fig. 5(c) shows the calculated absorption for d Gap = 3 μm, in which the maximum absorption is just ∼84% because γ leak is always larger than γ loss . Therefore, to obtain perfect absorption for a given absorbing material, proper multilayer structure design is also important.
In this work, absorption enhancement only for TE polarization is considered. Obviously, our design of perfect absorption for TE polarization also greatly enhances the absorption for TM polarization because of the multiple wave circulation effect. However, perfect absorption cannot be obtained for both polarizations simultaneously. While a leakage rate of our structure is not very sensitive to polarization in an incident angle range of our interest, which is far from Brewster angle, the field confinement in graphene and a loss rate are sensitive to polarization. Therefore, the design parameters for the critical coupling for TE and TM polarizations are different. A polarization insensitive enhanced absorption structure may be designed by compromising perfect absorption.
Conclusion
In this work, we proposed a practical perfect absorber structure which consists of three layers of dielectric materials with monolayer graphene embedded in the middle layer as an absorbing layer. Although the proposed structure may seem like a slight modification of the previously studied structure in appearance, its performance is greatly improved, overcoming the limitation of the previously studied structure. According to our theoretical investigation, our proposed structure does not require a specific material system for perfect absorption even with monolayer graphene and its performance can be quite insensitive to the substrate index. Our study provides a promising way to enhance light-graphene interaction without any sophisticated patterning process of resonant structure such gratings or photonic crystals, and may offer new insight in designing high performance photodetectors. Moreover, in the proposed structure, a thin layer of any absorbing material can be employed for perfect absorption with a proper choice of the middle (gap) layer thickness and the position of the absorbing layer. In principle, there is no constraint or lower limit on the thickness of the absorbing layer. So, two-dimensional materials such as MoS 2 , MoSe 2 , WS 2 , and WSe 2 can also be employed with development of layer forming techniques.
Appendix
For the d A = 0 case of the structure shown in Fig. 1 , an optimal substrate index for perfect absorption can be derived by the TMM [20] , [21] .
In general, the optical properties of multilayer structures such as reflectance, transmittance, and absorption can be calculated with the TMM, in which electric fields in one position can be related to those in other positions through a transfer matrix, M [21] . For the considered absorber structure (d A = 0), total transfer matrix relating the incoming (E 1+ ) and outgoing (E 1− ) components at the prism-gap interface, and the incoming (E 3− ) and outgoing (E 3+ ) components at the gap-substrate interface is written as 
The phase retardance in the gap layer is given by δ 2 = (2π/λ) · d 2 · n 2 · cos θ 2 . If monolayer graphene located at the gap-substrate interface is considered as a conducting sheet of a conductivity σ, 
Assuming there is no incoming wave from substrate layer (E 3− = 0), by rearranging (A1), we obtain 
